Kinesin-1 is a dimeric motor protein that moves cargo processively along microtubules. Kinesin motility has been proposed to be driven by the coordinated forward extension of the neck linker (a B12-residue peptide) in one motor domain and the rearward positioning of the neck linker in the partner motor domain. To test this model, we have introduced fluorescent dyes selectively into one subunit of the kinesin dimer and performed 'half-molecule' fluorescence resonance energy transfer to measure conformational changes of the neck linker. We show that when kinesin binds with both heads to the microtubule, the neck linkers in the rear and forward heads extend forward and backward, respectively. During ATP-driven motility, the neck linkers switch between these conformational states. These results support the notion that neck linker movements accompany the 'hand-over-hand' motion of the two motor domains.
Kinesin-1 (conventional kinesin) is a dimeric motor protein that transports cellular cargoes along microtubules within cells 1, 2 . Kinesin-1 (hereafter referred to as kinesin) is a highly processive motor that can take B150 steps in 8-nm increments along a microtubule before dissociating [3] [4] [5] . Structural studies using kinesin monomer have suggested how conformational changes, driven by transitions in the ATPase cycle, generate linear motion of kinesin along a microtubule track. Crystal structures have revealed that the compact catalytic core (also termed the 'head') is followed by a short 12-residue peptide (termed the 'neck linker'), which is disordered in some crystal structures [6] [7] [8] and ordered and extended along the length of the catalytic core in others [7] [8] [9] [10] [11] (Fig. 1a, green) . A spectroscopic and cryo-EM study performed with truncated kinesin monomers bound to microtubules first revealed that the docked state is favored when the catalytic core contains bound ATP, whereas the undocked state predominates in the nucleotide-free and ADP-bound states 12 . These results prompted a model 13 in which the exchange of ATP for ADP in the leading head of the microtubule-bound kinesin dimer triggers the docking of the neck linker and a B16-nm displacement of the trailing head upon its release from the microtubule. After a rapid diffusional search, rebinding of the displaced kinesin head to the next available forward tubulin-binding site results in a net 8-nm center-of-mass movement of kinesin. The 16-nm displacement of kinesin heads has recently been measured 14 , supporting this 'hand-over-hand' model. Several studies on neck linker conformation also have been interpreted as consistent with this model [15] [16] [17] [18] [19] [20] [21] . In addition, an essential role of the neck linker in unidirectional, processive movement has been demonstrated through mutagenesis 22 and cross-linking 23 studies. However, the neck linker conformational state model has been questioned in kinesin dimers, and alternative models for kinesin processivity have been suggested 24, 25 .
Because of its small size (B12 amino acid residues), developing probes for conformational changes in the neck linker has been challenging. A cryo-EM study has examined neck linker position by inserting a relatively large SH3 domain just distal to the neck linker sequence as an EM marker 16 . This study identified SH3 density between adjacent motor domains bound along a microtubule protofilament in the presence of AMP-PNP (a very slowly hydrolyzable ATP analog), as expected from the neck linker model. However, the individual neck linkers from the forward and rear heads could not be distinguished, and it was not established whether the insertion of the SH3 into the neck linker altered kinesin processivity (although the ATPase activity was shown to be normal). Using a fluorescencespectroscopy approach, another group has found that two tetramethylrhodamines inserted into both neck linkers of a kinesin dimer show changes in fluorescence (due to rhodamine dimerization), demonstrating that the neck linkers come close together or move apart in a nucleotide-dependent manner 18, 19 . A third set of studies 20, 21 has taken another approach, measuring neck linker orientation and mobility in a kinesin dimer by fluorescence-polarization microscopy, and again detected nucleotide-and microtubule-dependent changes. Results from these fluorescence approaches [18] [19] [20] [21] have supported the neck linker conformational change model for the kinesin dimer and provided further information on how neck linker dynamics are controlled by chemical transitions in the ATPase cycle.
Although previous investigations have provided valuable information on structural states of the kinesin dimer, these studies have either involved averaging a large number of molecules in population measurements 16, [18] [19] [20] [21] or investigated single molecules at saturating ATP concentrations, where conformational transitions within a chemical cycle could not be discerned 20, 21 . In addition, previous studies have introduced probes into both neck linkers of the dimer. However, as the two neck linkers are believed to adopt opposing conformations in a processively moving kinesin dimer 13 , it would be advantageous to selectively label a single neck linker within the kinesin dimer. In addition, the measurements should be made at a singlemolecule level to distinguish these two populations and to detect dynamics in the conformational states of the neck linker. Here, we have introduced donor and acceptor fluorescent dyes selectively into one subunit of the human kinesin-1 dimer and measured fluorescence resonance energy transfer (FRET) at the single-molecule level. We show that the neck linkers in the rear and forward heads extend forward and backward, respectively, when bound to the microtubule in the presence of AMP-PNP, consistent with previous predictions 12, 13 . During processive motion at low ATP concentrations, we observed transitions in FRET efficiency, occurring approximately once per 8-nm displacement of the motor. These results support a model in which neck linker movements facilitate hand-over-hand motion of the two motor domains.
RESULTS
Identifying dye-labeling sites for single-molecule FRET In this study, we used single-molecule FRET (smFRET) to measure conformational states of the neck linker in a microtubule-bound or a processively moving kinesin. We first tested where dyes could be placed in the kinesin dimer without affecting motility (summarized in Supplementary Fig. 1 online) . Various single-cysteine substitutions were introduced into a 'cysteine-light' kinesin homodimer 12, 14, 23 , the protein was labeled with cyanine 3 (Cy3) or tetramethylrhodamine, and the dye-labeled kinesin was tested for processive motility using single-molecule total internal reflection fluorescence microscopy 23 . Of 20 cysteine substitutions tested, 6 did not appreciably affect processive motion. Among these were substitutions just past the end of the neck linker (residue 342) and at the plus end-oriented tip of the catalytic core (residue 215). A dye pair at residues 215 and 342 was therefore selected to monitor the position of the neck linker relative to the catalytic core in dimeric kinesin.
Single-molecule FRET observations of kinesin monomers To validate our approach for measuring neck linker position, we first determined whether smFRET could detect the nucleotide-dependent conformational changes in the neck linker of a cysteine-light kinesin monomer (K349, residues 1-349 of human ubiquitous kinesin), as previously observed by bulk solution FRET 12 . To monitor the position of the neck linker, Cy3 (donor dye) and Cy5 (acceptor dye) were covalently linked to cysteines introduced just past the end of the neck linker (for monomers, we used residue 347, so as to amplify the nucleotide-dependent FRET efficiency changes) and either at the plus end-oriented tip of the catalytic core (residue 215) or the minus endoriented base of the core (residue 43) (Fig. 1a,b) . Although the Cy3 and Cy5 maleimide-modified dyes could not be directed to particular cysteines, we could selectively observe individual kinesins that were dually labeled with both dyes (Fig. 1c) . Cy3 and Cy5 were excited sequentially by laser total internal reflection illumination, and the Cy3 and Cy5 (or FRET) emissions were recorded simultaneously by spatially separating the two emission wavelengths onto the faceplate of a cooled intensified CCD camera ( Fig. 1c and Methods). We assured that single molecules were examined, as single photobleaching events of either the Cy3 or Cy5 dye were observed, which resulted in an abrupt loss of the FRET signal (Supplementary Video 1 online). We found that the 215-347 dye pair showed greater average smFRET efficiency in the presence of AMP-PNP than under nucleotide-free conditions, whereas the opposite result was obtained with the 43-347 dye pair ( Fig. 1d ; histograms are shown in Supplementary  Fig. 2 online) . In fact, nucleotide-dependent differences in FRET efficiencies were greater in this study than those previously obtained by bulk measurements 12 , partly owing to differences in the dyes or their positions and possibly also because motors that are singly labeled, unbound to microtubules or inactive can be excluded using single-molecule measurements. As a control, two dyes were placed within the catalytic core itself (28-149) and no nucleotide-dependent change in smFRET efficiency was observed (Fig. 1d) . The previous study 12 has also identified two ATP-hydrolysis mutations in the switch II region of the nucleotide active site, one of which (E236A) stabilizes the neck linker in the ATP-like, docked conformation whereas the other (G234A) favors the nucleotide-free-like, detached conformation. In the presence of 1 mM ATP, we found that the 215-347 dye pair showed a greater smFRET signal in the E236A mutant than in the G234A mutant, whereas the converse result was obtained with the 43-347 dye pair (Fig. 1d) . Thus, smFRET generally reveals neck linker positions for microtubule-bound kinesin monomers with various nucleotides and mutations that are similar to the positions reported previously from bulk population FRET measurements and cryo-EM 12 .
To model the neck linker structure in the monomer, we estimated the distances between donor and acceptor dyes using the median values of the smFRET efficiencies (see Fig. 1d legend and Methods). We acknowledge, however, that these distance estimations are unlikely to be precise because of uncertainties in dye orientation (assumed in our calculations to be random) and location (due to the positioning of the chemical linker, which separates the dye center and the cysteine by B1.5 nm). Nevertheless, the estimated distances in the presence of AMP-PNP are in good agreement with those observed in the neck linker-docked crystal structure 9 (Fig. 1b, left) . However, the estimated distances in the nucleotide-free condition differ from what might be expected for a totally disordered neck linker (if the disordered neck linker behaves as an entropic spring, it would be positioned near the base of the neck linker on the core, producing a higher FRET efficiency (B60%) for the 215-347 dye pair). The slight inconsistency might be due to a preferred dye orientation, which would affect the k 2 value in the Förster distance calculation between the dye pair (see Methods). Alternatively, the neck linker may adopt a backward-extending configuration 26 (Fig. 1b, right) in the nucleotidefree state.
Static FRET of microtubule-bound kinesin dimers
We next examined the neck linker positions in a kinesin dimer bound with both heads to a microtubule in the presence of AMP-PNP 27 by selectively introducing FRET reporters into one of the two neck linkers (Fig. 2a) . To accomplish this, we introduced a cysteine pair (215-342) into a cysteine-light kinesin gene (K490, residues 1-490) bearing a streptavidin tag (Strep tag) 28 and coexpressed it with a cysteine-light K490 with a His 6 tag, then purified the heterodimer by two-step affinity chromatography (see Methods). Heterodimers dually labeled with Cy3 and Cy5 showed processive movement (average velocity at 1 mM ATP was 450 ± 150 nm s -1 (n ¼ 30), which is similar to that for nonmutant truncated human kinesin fused to green fluorescent protein 29 ; Supplementary Video 2 online). This result indicates that mutation and dye-labeling on these sites in the heterodimer did not alter the motor activity (consistent with our previous work on dyelabeled homodimers; Supplementary Fig. 1 ). smFRET efficiencies from this 215-342-labeled, microtubule-bound heterodimer showed a bimodal distribution of low and high FRET efficiencies in the presence of AMP-PNP (Fig. 2b) . This result is consistent with the neck linker model, in which the 215-342 dye pair in the leading head would have low FRET efficiency (B30% for B6-nm separation) because its neck linker points backward (Fig. 2a, left) , whereas the same dye pair in the trailing head would have high FRET efficiency (B100% for B2-nm separation; Fig. 2a, right) 13, 26 .
In the above heterodimer experiment, the 215-342 dye-labeled head occupied the leading or trailing position with equal probability. To eliminate this heterogeneity and further test the neck linker model, we performed smFRET measurements with a kinesin heterodimer in which one polypeptide chain contained the G234A mutation and the other contained the E236A mutation. In this heterodimer in the presence of ATP, the E236A head is predicted to be in the rear (as its neck linker is locked in for forward-pointing, docked conformation), whereas the G234A head would be leading (with its neck linker detached and pointing backward) (Fig. 1d) . When the 215-342 dye pair was introduced into the G234A chain of the G234A-E236A heterodimer, the major peak in the FRET efficiency histogram for microtubule-bound heterodimers in the presence of 1 mM ATP was at B0.4 (Fig. 2c, top) , although there was a trailing distribution, with higher FRET efficiencies perhaps suggesting some additional conformational states of the motor. In contrast, when the same dye pair was introduced into the E236A chain of the same heterodimer, the major peak in the single-molecule FRET efficiency histogram was at B0.8 (Fig. 2c, bottom) . These histograms differ from the bimodal distribution of data from the 215-342 dye pair in the kinesin without the switch II mutations (Fig. 2b) , indicating that the neck linkers in the leading and trailing heads adopt different configurations.
We also wished to determine the positioning of the mutant heads in the heterodimer by substituting a cysteine in the 215 position of the E236A chain and a cysteine in the 43 position of the G234A chain (Fig. 2d, left) . This arrangement gave rise to high FRET efficiency for microtubule-bound heterodimers in the presence of ATP (Fig. 2e,  top) , although the distribution was broad owing to noise or perhaps other motor states (for example, one-head-bound states). In contrast, low FRET efficiency was observed with the opposite pairing (Cys215 on the G234A chain and Cys43 on the E236A chain; Fig. 2d,e) . Thus, the FRET efficiency depended upon dye positioning in the two mutant chains. Together with the results in Figure 2c , these data indicate that the E236A chain assumes the position of the trailing head and has its neck linker extending forward, whereas the G234A chain is the leading head and has its neck linker pointing backward. This heterodimer position probably reflects an intermediate in the kinesin motility cycle in which the rear and forward heads are in the ATP-bound and nucleotide-free (or ADP-bound) states, respectively (Fig. 2a) .
Dynamic FRET of processively moving kinesin dimers
We next wished to determine whether the neck linker changes its conformation when the leading and trailing heads exchange their positions in an active kinesin dimer moving processively along a microtubule. As our acquisition rate was B60 images s -1 , our temporal resolution was insufficient to observe any transient conformations during the kinesin step itself (r10 ms) 17, 18, 30 , but we could hope to observe the conformation(s) of the kinesin neck linker during the dwell times between steps. To prolong these dwell times, we slowed down kinesin motility by reducing the ATP concentration (B1 mM) so that ATP binding became rate limiting in the cycle. With the neck linker FRET reporter pair (215-342 in one head of the heterodimer), we observed anticorrelated increases and decreases in Cy3 and Cy5 fluorescence, reflecting transitions between high and low FRET efficiencies ( Fig. 3a ; also see Supplementary Fig. 3 and Supplementary Videos 3 and 4 online). We simultaneously tracked the centroid of each spot and confirmed that these molecules moved processively along axonemes (Fig. 3a, purple) , although our method yielded lower spatial resolution than other methods that give lower temporal resolution 14 . We were able to track the centroids of some moving 215-342-labeled heterodimeric kinesin molecules for several seconds before one of the dyes photobleached. In these cases (n ¼ 22 molecules), we could estimate the number of anticorrelated transitions in FRET efficiency (120 in total) and the distance traveled (1.25 mm in total) during a particular time period, which equates to a 10.4-nm displacement per FRET transition (Fig. 3b) . This calculated step size does not agree precisely with the known 8.3-nm kinesin step size 3 , but this is not surprising given that transitions with short dwell times could not be detected owing to the limited temporal resolution of our system (see Supplementary Fig. 4 online) . We also measured the dwell times between transitions, which could be fit reasonably well to exponential distributions ( Supplementary Fig. 4 ). The mean dwell times in the high and low FRET states were 0.34 and 0.58 s, respectively, which are similar to the expected dwell time of 0.45 s (based on an average motor velocity of 18.5 ± 9.4 nm s -1 at 1 mM ATP (n ¼ 23)). In summary, these data support the conclusion that anticorrelated changes in Cy3-Cy5 fluorescence are due to conformational changes of the neck linker associated with ATP-driven kinesin stepping. To confirm that the observed anticorrelated intensity changes represent distance changes between two fluorophores, we introduced a FRET pair at residues 43 and 215 in the catalytic core of one chain of a heterodimer; the distance between these residues is not expected to change substantially during motility 7, 8 . With the 43-215 pair, anticorrelated Cy3-Cy5 fluorescence changes (40.2 FRET efficiency change) were not observed during processive movement in the presence of 1 mM ATP (Fig. 3c and Supplementary Fig. 5 online) . We also introduced a FRET pair into the base of the neck coiled coil (Cys342 in both chains) and again found that FRET efficiency was constant during motility ( Fig. 3d and Supplementary Fig. 5 ). This result also indicates that the base of the coiled coil does not unwind extensively (43 nm) 23 , at least as shown by the temporal inspection available in this study. In addition, use of saturating ATP concentrations (1 mM) with the 215-342 heterodimeric kinesin led to few anticorrelated changes in Cy3-Cy5 fluorescence, as would be expected when the dwell time between steps decreased below our temporal resolution ( Supplementary Fig. 5 and Supplementary Video 2) . Fluctuations in intensity of a single dye are common, but in these cases, FRET efficiency changes do not exceed 0.2 after seven-frame averaging and are not accompanied by anticorrelated changes in the second dye, as observed clearly for the dynamic neck linker FRET.
DISCUSSION
In this study, we explored conformational states of the neck linker, a proposed mechanical element for motility, in kinesin dimers, using single-molecule FRET. Previous studies 12 have reported a nucleotideand microtubule-dependent conformational change of the neck linker that represents docking and undocking with the catalytic core in kinesin monomers. Fluorescence reporters [18] [19] [20] [21] and markers for EM 16 placed in kinesin dimers have yielded results that are generally consistent with prior monomer studies. Specifically, these kinesin dimer studies have shown that nonhydrolyzable ATP analogs cause the neck linker to adopt a well-ordered forward docked state, whereas the neck linker becomes more flexible in the absence of nucleotide. However, information on the neck linker conformations in the leading and trailing heads has been lacking, as has evidence for alternating structural changes in the neck linkers during hand-over-hand movement. Here, we provide evidence that the neck linkers in the leading and trailing heads adopt different conformations and that individual neck linkers switch between leading and trailing conformations during ATP-driven processive motion (Fig. 4) . These notions are consistent with a previous model for kinesin processive motility 13 in which ATP-dependent docking of the neck linker in the leading head moves the partner head forward to facilitate its binding to the forward tubulin site.
Dynamic measurements of nucleotide-dependent conformational changes in myosin's 'lever arm' position have been made using FRET 31, 32 and at the single-molecule level using fluorescence polarization 33 . However, the small size of kinesin's neck linker (B12 residues) compared with myosin's mechanical element (B130-residue converter domain and lever-arm helix) 34 poses special challenges for measurements of its conformational changes. For example, many cysteine substitutions followed by fluorescent dye labeling result in either partial or complete inactivation of processive motion ( Supplementary  Fig. 1 ). Even some cysteine labeling (for example, at residues 220 and 333) that preserved the activity of the monomer in prior studies 12 did not yield fully active processive dimers. A likely explanation is that such introduced fluorescent dyes might interfere with head-head interactions or coordination in the kinesin dimer. Thus, successful execution of this work involved testing various positions of dual dye labeling to find ones that allowed normal movement. In addition, measurements of neck linker conformational changes required introducing probes into only one of the two subunits of the kinesin dimers, so as not to generate complex signals from dyes attached to different combinations of the four possible cysteine residues in a homodimer. In this study, selective labeling of one kinesin subunit was achieved by introducing C-terminal protein tags that allowed selective affinity purification of kinesin heterodimers with one cysteine-light subunit and one subunit with two introduced cysteines for dye labeling (or with active site mutations, as was the case with experiments using the G234A-E236A heterodimer).
We detected the neck linker positions in a microtubule-bound kinesin dimer by introducing FRET probes selectively into one of the two neck linkers. FRET efficiencies from microtubule-bound kinesin dimer showed two distinct populations with nearly equal probability, corresponding approximately to the AMP-PNP-bound and nucleotide-free states observed in the monomer. However, the conformations in the leading and trailing heads could not be distinguished by this experiment. To distinguish the two neck linkers in the leading and trailing heads, a G234A-E236A mutant heterodimer proved valuable. Consistent with our expectation from the neck linker model, the G234A head was highly probable in the leading position and the E236A head in the trailing position. Using this heterodimer, we also provide the first evidence for the neck linker conformational states in this two-head-bound state: the neck linker is pointing forward in the trailing head (ATP-like state; E236A) and pointing backward in the leading head (nucleotide-free state; G234A). The forward-extending neck linker in the trailing head is likely to reflect the state observed in crystal structures where the neck linker is docked on the catalytic core [7] [8] [9] [10] [11] . However, the precise conformation of the backward-pointing neck linker remains uncertain. One possibility is that this neck linker is highly mobile, constrained to point rearward by a connection to the rear head through the coiled-coil domain; measurements that assess neck linker flexibility support this view 12, 15, 16, 21 . A second possibility is that the backward-pointing neck linker is docked to a specific site on the catalytic core 26 , as has been observed for a related kinesin (kinesin-5 or Eg5) 35 . Such a backward-docked conformation might facilitate ADP release when the detached head rebinds to a forward tubulin-binding site 20, 36 . Our measurements of FRET efficiency with nucleotide-free kinesin monomers can also be interpreted in favor of a backward-docked state, although caveats exist (such as effects of dye labeling on protein conformation and uncertainties in dye orientation for FRET distance calculations). The existence of a nucleotide-free docked state therefore merits further investigation using different probes.
In this study, we also observed FRET efficiency changes of a dye pair in a single neck linker within a kinesin dimer during slow processive movement under low ATP concentrations. On average, these transitions took place approximately once per 8-nm step, although we lacked sufficient spatiotemporal resolution to show that FRET transitions occurred simultaneously with an 8-nm step. Nonetheless, our results provide the first direct evidence for alternating neck linker conformational changes during processive movement.
The dynamic FRET measurements also provide some insight into the 'waiting' state of kinesin at low ATP concentrations, which has been subject to various interpretations (reviewed in ref. 25) . One model proposes that kinesin waits for the next ATP as a one-headbound intermediate, in which one head is bound tightly to the microtubule (nucleotide-free 'waiting' head) whereas the ADPbound partner head is detached and potentially poised in a position for the next forward step 4, 30 . However, recent kinetic and fluorescence-polarization data suggest that the ADP-bound head may also be tethered to the microtubule but incapable of rapidly releasing ADP, perhaps because of the forward neck linker position in this two-headbound intermediate 20, 37 . Our results show that a single neck linker in a kinesin molecule alternates between two FRET states during processive motion, which is most consistent with a two-head-bound intermediate state. If the kinesin moved in an 'inchworm' manner 38 or with a consistent one-head-bound intermediate state (with two mobile neck linkers in the nucleotide-free and ADP-bound head), then less obvious FRET transitions would be expected. However, alternate FRET transitions might be observed with a one-head-bound intermediate if the neck linker on the waiting, nucleotide-free head adopted a backward-pointing structure (FRET efficiency changes would then represent transitions between an ordered, nucleotide-free and a disordered, ADP-bound state). In addition, it is possible that the two models may not be absolute, as two-head-bound and one-head-bound conformations may both occur for kinesin molecules moving at low ATP concentrations. Answering the question of whether kinesin waits with one head or two heads bound (or both) will require measuring the spacing between the heads during motility. Single-molecule FRET measurements of head-head positioning with improved temporal resolution will provide a powerful tool for such investigations.
In conclusion, single-molecule FRET reporters provide evidence for distinct conformations of the neck linkers in a kinesin dimer. In a static two-head-bound kinesin dimer, we show that the neck linkers extend forward and backward in the trailing and leading heads, respectively, and that these conformational states alternate during ATP-driven processive motility. This data, in conjunction with previous FIONA measurements 14 and other studies showing alternation in kinesin stepping behavior [39] [40] [41] , support models in which the neck linker movements facilitate the hand-over-hand stepping of the kinesin heads during processive motility (Fig. 4) .
METHODS
DNA cloning. Cysteines (K28C, S43C, S149C, E215C, K342C, E347C) and/or mutations in the switch II region (E236A, G234A) were introduced into a cysteine-light human ubiquitous kinesin 349-residue 12 monomer or a dimer of 490-residue subunits, each containing a C-terminal His 6 tag. For heterodimers, a coexpression vector was constructed that carries two 490-residue kinesin sequences in tandem: the first kinesin sequence contains a C-terminal streptavidin tag (Strep tag; 9 residues, AWRHPQFGG) 28 and the second is followed by a His 6 tag. Each kinesin gene has its own ribosome-binding site, and the two genes are flanked by a T7 promoter and a T7 terminator. All constructs were verified by DNA sequencing.
Protein purification. Monomeric kinesins were expressed and purified as described 23 . Heterodimeric kinesins were expressed, then purified from lysates by nickel-nitrilotriacetic acid chromatography as described 23 . Heterodimers were further purified by Strep-Tactin (streptavidin mutant) affinity purification 28 . Eluate from nickel-nitrilotriacetic acid resin was loaded on a StrepTactin Sepharose (IBA GmbH) column, and then washed with ST buffer (50 mM phosphate buffer (pH 7.0), 250 mM NaCl, 2 mM MgCl 2 , 10 mM 2-mercaptoethanol, 100 mM ATP). Heterodimers were eluted with ST buffer containing 2.5 mM D-desthiobiotin. Purified monomeric and heterodimeric kinesins were dialyzed against 25 mM PIPES (pH 7.0), 100 mM NaCl, 1 mM EGTA, 2 mM MgCl 2 and 50 mM ATP for 4 h at 4 1C. Protein concentrations were determined by Bradford assays using BSA as a standard. Typical yields of heterodimer proteins were 0.2-0.5 mg from 1 l of bacterial culture. Dialyzed kinesin was reacted with Cy3-maleimide and Cy5-maleimide (Amersham Biosciences) at a motor head/Cy3 dye/Cy5 dye molar ratio of 1:10:10, for 4 h at 4 1C. Unreacted dyes were quenched with 1 mM DTT and then removed through microtubule affinity purification as described 23 , except that 100 mM ATP was used for releasing motors from microtubules.
Single-molecule fluorescence microscopy. Single-molecule FRET microscopy was based on a custom-built total internal reflection fluorescence microscope as described 23, 29 . Dye-labeled heterodimeric kinesins were attached onto the axonemes (purified from sea urchin sperm flagella) in the presence of 1 mM AMP-PNP or 5 units ml -1 apyrase, or moved along axonemes in the presence of ATP and an ATP-regenerating system as described 29 . The dye-labeled monomers were bound to axonemes at a density where single fluorescent molecules could be clearly distinguished. Cy3 and Cy5 dyes were illuminated with an argon laser (514 nm) and a helium-neon laser (632 nm), respectively (10-20 mW laser power). The fluorescence images from Cy3 and Cy5 (or FRET) were separated using Dual-View (Optical Insights) and then projected side by side on a cooled, intensified CCD camera (XR/MEGA10-Z, Stanford Photonics) or an intensified CCD camera (XR/MEGA10, Stanford Photonics) with acquisition rates of 60 frames s -1 . For the static FRET measurements, both Cy3 and Cy5 fluorophores were directly illuminated by sequential excitation with the argon and helium-neon lasers. Both lasers were used to identify molecules that showed little or no FRET (that is, molecules labeled with both Cy3 and Cy5, but that did not emit in the Cy5 channel after excitation of Cy3). For the dynamic FRET measurements, it was not possible to use alternating laser excitation and retain sufficient temporal information on the FRET signal, and instead images were taken by excitation with the argon laser.
Data analysis. Images for static FRET efficiencies were analyzed using Image J (http://rsb.info.nih.gov/ij/) with custom-designed plug-in software. Images for donor or acceptor excitations were averaged over B120 frames. This set of images was used to identify Cy3-Cy5 dually labeled motors and their Cy3 and Cy5 fluorescence intensities. Axonemes that were sparsely coated with fluorescence spots (less than 1 spot per 2-mm microtubule (B35 pixels)) were used for data analysis to reduce the chance that two distinct Cy3 and Cy5 spots happened to colocalize on the axonemes within one pixel (57 nm). FRET efficiencies were calculated as E ¼ 1/(1 + I D /(I A -wI D )g), where I D and I A are background-subtracted intensities from the donor and acceptor channels, respectively, w is the cross-talk of donor intensity into acceptor channel and g is a parameter to correct for different detection efficiencies of the two channels and the quantum yields of donor and acceptor dyes. w was determined experimentally by observing donor only-labeled motors, and g was determined by observing the donor and acceptor intensity changes after photobleaching of the acceptor dye in motors showing B100% FRET (342-342 mutants; Supplementary Video 1). Cy5 intensities corrected as (I A -wI D )g are shown in figures for time traces. The distances r between donor and acceptor dyes were estimated using the relationship E ¼ (1 + (r/R 0 ) 6 ) -1 , where R 0 ¼ 5.3 nm was used as the Förster radius (assuming a constant orientation factor k 2 of 2/3) 42 .
Images for dynamic FRET measurements were averaged over four frames and then analyzed using custom-designed MATLAB software (The MathWorks). Background-subtracted fluorescence intensities from the donor and acceptor channels were determined for each frame and the corrected FRET efficiencies were determined as described above. Centroids of the fluorescence spots were tracked using a cross-correlation algorithm 43 . Fluorescence spots that did not show clear unidirectional movement (motor was inactive or its displacement was small compared to the noise) were not subjected to further data analysis. Analyses were also only done on spots that showed decent signal-to-noise ratio in fluorescence intensities, minimal blinking, slow movement (o40 nm s -1 ) and long duration before photobleaching or detachment from the microtubule.
To identify anticorrelated transitions, we first applied a seven-frame runningaverage filter to the FRET efficiency traces to reduce the noise and then identified transitions that accompany large FRET efficiency changes (40.3).
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
